Objective-We previously reported that mechanical stimulation increased the effectiveness of muscle-derived stem cells (MDSCs) for tissue repair. The objective of this study was to determine the importance of vascular endothelial growth factor (VEGF) on mechanically stimulated MDSCs in a murine model of muscle regeneration. Approach and Results-MDSCs were transduced with retroviral vectors encoding the LacZ reporter gene (lacZ-MDSCs), the soluble VEGF receptor Flt1 (sFlt1-MDSCs), or a short hairpin RNA (shRNA) targeting messenger RNA of VEGF (shRNA_VEGF MDSCs). Cells were subjected to 24 hours of mechanical cyclic strain and immediately transplanted into the gastrocnemius muscles of mdx/scid mice. Two weeks after transplantation, angiogenesis, fibrosis, and regeneration were analyzed. There was an increase in angiogenesis in the muscles transplanted with mechanically stimulated lacZMDSCs compared with nonstimulated lacZ-MDSCs, sFlt1-MDSCs, and shRNA _VEGF MDSCs. Dystrophin-positive myofiber regeneration was significantly lower in the shRNA_VEGF-MDSC group compared with the lacZ-MDSC and sFlt1-MDSC groups. In vitro proliferation of MDSCs was not decreased by inhibition of VEGF; however, differentiation into myotubes and adhesion to collagen were significantly lower in the shRNA_VEGF-MDSC group compared with the lacZ-MDSC and sFlt1-MDSC groups. Conclusions-The beneficial effects of mechanical stimulation on MDSC-mediated muscle repair are lost by inhibiting VEGF. (Arterioscler Thromb Vasc
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uchenne muscular dystrophy is an inherited neuromuscular disorder that affects 1:3500 live male births and is caused by a lack of the membrane-stabilizing protein, dystrophin. 1, 2 Without dystrophin, muscle fibers experience periods of pathological degeneration and regeneration and subsequent loss of membrane integrity. 1 Duchenne muscular dystrophy is the most severe form of muscular dystrophy, exhibiting progressive weakness leading to respiratory or cardiac failure and premature death. 1 Stem cell therapy is a promising treatment for numerous disorders, including degenerative muscle diseases, such as Duchenne muscular dystrophy, heart failure, liver failure, bone degeneration, and so on [3] [4] [5] ; however, the low survival of transplanted cells and their decreased differentiation capacity into desired cell types hinder positive therapeutic outcomes. 3 Many benefits of stem cell transplantation are attributed to paracrine effects, including increased angiogenesis, decreased fibrosis, immunomodulation, and secretion of survival and stem cell recruitment factors. [6] [7] [8] Vascular endothelial growth factor (VEGF) is a critical paracrine factor whose main function is to promote angiogenesis by improving cellular survival, inducing proliferation, and enhancing migration and invasion of endothelial cells. 9 Recent evidence, however, suggests that VEGF has effects on other cell types as well, such as regulating cardiac, 10 myoblast, 11 podocyte, 12 and hematopoietic stem cell 13 survival, bone differentiation 14 neurogenesis, 15 and the stimulation of skeletal muscle regeneration. 16, 17 Muscle-derived stem cells (MDSCs) are a stem/progenitor cell population obtained using a modified preplate technique, which have long-term proliferation, self-renewal, and multilineage differentiation capabilities. 18, 19 Our previous work showed that murine MDSCs were superior to myoblasts in generating dystrophin-positive myofibers after transplantation into the hearts and skeletal muscles of dystrophic mice. 19, 20 MDSCs repaired the heart after myocardial infarction to a greater extent than myoblasts and demonstrated a higher level of VEGF expression in the MDSC graft. 20 In dystrophic skeletal muscle, the transplantation of MDSCs expressing VEGF resulted in increased angiogenesis in the engraftment area; conversely, the transplantation of MDSCs expressing the soluble receptor for VEGF, sFlt1 (sFlt1-MDSCs), demonstrated decreased angiogenesis in the engraftment area. 21 Similarly, in ischemic cardiac muscle, treatment with sFlt1 abrogated the regenerative capacity of these cells. Increasing VEGF levels in muscle cells before transplantation by ex vivo gene therapy increased levels of angiogenesis in the recipient muscle, reduced the death of donor cells, and improved engraftment of donor cells 11, 16, 21, 22 ; however, excessive levels of VEGF can cause disorganized vascularization and have deleterious effects, such as the formation of angiomas or edema. 23, 24 Thus, there is a critical level of VEGF required for optimal tissue regeneration.
An alternative method to increase VEGF secretion by the cells is through mechanical stress (MS). 22 VEGF secretion of MS-MDSCs was significantly greater than nonstimulated (NS) MDSCs in experiments comparing the 2 groups.
9,22 MS improved transplantation outcomes in the injured heart compared with nonstimulated stem cells 9, 25 and has been shown to be a potent stimulus for angiogenesis 9, 26, 27 and cell fate decisions. 25, 28, 29 MS may represent an effective method to precondition stem cells to increase VEGF secretion and improve cardiac regeneration capacity, without the deleterious effects of VEGF overexpression.
We hypothesized that augmented angiogenesis after transplantation of MS-MDSCs was a result of increased VEGF secretion. Therefore, in the current study, we examined the importance of VEGF secretion by blocking VEGF through 2 different approaches: (1) transduction of MDSCs with sFlt1, which binds to and blocks VEGF secreted within the extracellular space by both donor and host cells, or (2) transduction of MDSCs with short hairpin RNA (shRNA) that specifically targets and degrades only VEGF (shRNA_VEGF MDSCs) mRNA transcribed by the donor cells. This approach allowed us to compare both the overall reduction of VEGF within the host tissue (sFlt1-MDSCs) and the specific reduction of VEGF secretion from only the donor cells (shRNA_VEGF MDSCs). We found that MS of lacZ-MDSCs significantly increased angiogenesis in the engraftment area, which was not observed in the mechanically stimulated sFlt1-MDSCs or shRNA_VEGF MDSCs. Transplantation of shRNA_VEGF MDSCs resulted in fewer dystrophin-positive myofibers than the other groups, and there was a corresponding decrease in the in vitro myogenic differentiation and adhesion capacity of shRNA_VEGF MDSCs Taken together, our results support the hypothesis that VEGF is integral and critical to the increased angiogenesis observed after transplantation of MS-MDSCs into dystrophic skeletal muscle and that inhibiting VEGF secretion in the transplanted MDSCs resulted in loss of the beneficial effects of MS on the regenerative potential of MDSCs.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

In Vitro VEGF Secretion and Expression of Mechanically Stimulated MDSCs
Mechanically stimulated MDSCs were genetically modified to express either the soluble VEGF receptor (sFlt1-MDSCs) 21, 22 or shRNA to VEGF (shRNA_VEGF-MDSCs) to block VEGF secretion. Control MDSCs were transduced to express the lacZ reporter gene (lacZ-MDSCs). VEGF secretion from transduced cells was evaluated in vitro after 24 hours of MS. VEGF secretion of lacZ-MDSCs, measured by ELISA, was significantly increased after MS (Figure 1A ; n=4; *P<0.05). There was no statistical difference in VEGF secretion between the sFlt1-MDSC and shRNA_VEGF MDSC groups, regardless of MS ( Figure 1A) ; however, their VEGF secretion levels were lower than the lacZ-MDSCs ( Figure 1A ). Intracellular VEGF expression was also examined by Western blot analysis ( Figure 1B-1E) . We found an increase in intracellular VEGF levels from mechanically stimulated lacZ-MDSCs compared with NS lacZ-MDSCs ( Figure 1B) , which was significant when normalized to GAPDH (Figure 1C ; n=3; *P<0.05). As expected, we found that under normal conditions, intracellular VEGF levels were decreased by sFlt1 or shRNA-VEGF expression ( Figure 1D ). Furthermore, after stretch, we found that the sFlt1 or shRNA-VEGF expression diminished stretch-induced VEGF increases ( Figure 1E ).
Inhibition of VEGF Secretion Increases Tissue Fibrosis in Dystrophic Muscle
We next aimed to determine the effect of blocking VEGF on MDSC transplantation in dystrophic muscle. Three hundred thousand cells from each of the 6 treatment groups were injected into the gastrocnemius muscles of mdx/scid mice. These mice are a model of muscular dystrophy that are both dystrophin deficient and are immunocompromised, and a useful model for cell transplantation. Muscle regeneration is often hindered by the formation of fibrotic tissue. 30 To address how VEGF secretion and MS of MDSCs might affect fibrosis levels and muscle regeneration after cellular transplantation into dystrophic tissue, fibrosis levels were determined by Masson trichrome staining, and regeneration was examined by hematoxylin and eosin staining. Fibrosis levels were higher in muscles transplanted with sFlt1-MDSCs or shRNA_VEGF-MDSCs compared with lacZMDSCs, independent of MS (Figure 2G ; n=6; *P<0.05). The percentage of centrally nucleated myofibers (regenerating myofibers) was significantly reduced in the muscles transplanted with MDSCs where VEGF was blocked (Figure 2H ; n=6; *P<0.05). These results are consistent with our previous findings where we found that blocking VEGF in dystrophic tissue, by transplanting sFlt1-MDSCs, led to increased levels of fibrosis, 21 which further suggests that VEGF produced by the transplanted MDSCs reduces fibrotic scarring in the recipient mice and increases muscle regeneration.
Proangiogenic Effect of MS Is Abolished When VEGF Is Blocked
Two weeks after transplantation, dystrophin-positive myofibers (green) and CD31-positive capillaries (red) were immunohistochemically detected ( Figure 3A-3F ). Dystrophin is a marker for donor-derived regenerating myofibers, and CD31 (or platelet endothelial cell adhesion molecule) is a marker for endothelial cells. Within the engraftment area, the MS lacZ-MDSC group had significantly greater CD31 structures compared with all other groups (Figure 3G ; n=6; *P<0.05). In addition, all 4 groups that had VEGF blocked had significantly less CD31 structures compared with the control lacZ-MDSCs (Figure 3G ; n=6; &P<0.05). Angiogenesis distal to the engraftment area was analyzed to further examine the paracrine effects that the implanted cells imparted. Similarly, all 4 groups that had VEGF blocked exhibited significantly fewer CD31-positive structures in areas distal to the engraftment site compared with the NS and MS lacZ-MDSC groups (Figure 3H ; n=3; *P<0.05). To take into account variability in the level of skeletal muscle regeneration, we also quantified the number of CD31-positive structures adjacent to dystrophin-positive muscle fibers. This ratio was significantly greater in the MS-MDSC transplantation group compared with NS-MDSC and both the MS and NS sFlt1-MDSC groups (Figure 3I ; n=6; *P<0.05). There was no difference in the CD31/dystrophin ratio between MS and NS sFlt1-MDSCs ( Figure 3I ). There was no difference in the CD31/dystrophin ratio between NS and MS shRNA_VEGF MDSCs; however, this ratio was significantly greater than the ratios of the other groups ( Figure 3I ; #P<0.05). This is likely because of the fact that the dystrophin-positive fiber engraftment is significantly reduced in the shRNA_VEGF-transduced MDSC group. Overall, this suggests that the proangiogenic effect of MS on MDSCs is abrogated when VEGF is blocked, as there was no difference in angiogenesis between the stimulated and nonstimulated groups, but there was an increase in angiogenesis after MS in the control group.
Dystrophin-Positive Fiber Engraftment Is Reduced After Transplantation of shRNA_VEGF-MDSCs, But Not in sFlt1-MDSC Transplanted Muscles
To further investigate whether the innate myogenicity of MDSCs was influenced by the inhibition of VEGF secretion, we quantified the regenerating dystrophin-positive myofibers within the engraftment area. Dystrophic muscles implanted with shRNA_VEGF-MDSCs had significantly reduced dystrophin-positive myofiber regeneration (NS: 9±1, MS: 7±1) compared with lacZ-MDSCs (NS: 38±4, MS: 34±3) and sFlt1-MDSCs (NS: 45±6, MS: 52±5); this was independent of MS ( Figure 3J ; *P<0.05). Furthermore, dystrophin-positive fiber engraftment was significantly reduced after transplantation of shRNA_VEGF-MDSCs, but not sFlt1-MDSCs, suggesting that internal autocrine VEGF signaling may play a role in MDSC engraftment into dystrophic muscle.
shRNA_VEGF Transduction Does Not Decrease MDSC Proliferation or Motility
The decrease in the number of dystrophin-positive myofibers observed after transplantation of MSDCs lacking VEGF could possibly be a result of a failure of proliferation, an impairment of adhesion/migration, or a defect in the myogenicity of the engrafted cells. To further investigate the underlining mechanisms, we examined the in vitro proliferative, migratory, and myogenic capacities of these cells.
Previous reports showed increased oxidative stress in dystrophic muscle compared with wild-type controls. 31, 32 Consequently, we examined the proliferation and motility of the MDSCs under normal and oxidative stress culture conditions. Proliferation medium supplemented with H 2 O 2 was used to model oxidative stress. Cells were monitored for 60 hours on a live cell imaging system, and cell number was quantified every 12 hours. The proliferation of shRNA_VEGF MDSCs in normal media was significantly greater than sFlt1-MDSCs but not significantly different from the lacZ-MDSCs (Figure 4A ; n=12; *P<0.05). The proliferation of MDSCs under oxidative stress was not affected by shRNA_VEGF or sFlt1 transduction ( Figure 4B ). Cellular motility was assessed based on the total distance traveled by individual cells. The motility of MDSCs was not affected by blocking VEGF; however, in the MS sFlt1-MDSC and MS shRNA_VEGF groups, motility was decreased after exposure to oxidative stress conditions ( Figure 4C ; *P<0.05; n=12 per group). This suggests that the shRNA_VEGF MDSCs do not have a defect in their in vitro proliferative abilities, but that the combination of blocking VEGF, MS, and oxidative stress reduces MDSC motility.
Blocking VEGF Decreases MDSC Migration
Next, we examined the effect of MS and blocking VEGF on the migration and adhesion of MDSCs. A wound healing assay was performed where MDSCs were grown until confluent and then scratch-wounded with a pipette. We analyzed percent wound closure after 18 hours of incubation and found that all MS groups tended to have slower wound healing compared with NS groups, particularly in the shRNA_VEGF MDSC group (Figure 4D ; n=6; &P<0.05 between NS and MS shRNA_VEGF MDSCs). Blocking VEGF secretion in general also decreased wound healing, because all groups had significantly slower migration capacities compared with the NS lacZ-MDSC group ( Figure 4D ; *P<0.05), which suggests that blocking VEGF decreases MDSC migration time. MS shRNA_VEGF MDSC group compared with all other groups (Figure 5A ; n=12; *P<0.05). The NS shRNA_VEGF group also had significantly lower adhesion than all groups, except for the MS lacZ-MDSC and MS shRNA_VEGF MDSC groups (Figure 5A ; n=12; &P<0.05). Blocking VEGF with shRNA decreased the adhesion of MDSCs, which was augmented after mechanical stretch.
In Vitro Adhesion and Myogenic
To determine the myogenic capacity of these cells, we compared the ability of genetically modified MDSCs mechanically stimulated or nonstimulated to form myotubes in low-serum differentiation media for 5 days. Subsequently, we fixed and stained cells for fast skeletal myosin heavy chain and quantified their myogenic index, that is, the number of fast skeletal myosin heavy chain-positive nuclei normalized to the total number of nuclei. We observed drastically fewer fast skeletal myosin heavy chain-positive myotubes formed by shRNA_ VEGF-MDSCs compared with the other groups (Figure 5B ; n=15; *P<0.05). Altogether, these results suggest that the low dystrophin-positive engraftment of shRNA_VEGF MDSCs may be the result of a deficiency in myogenesis, possibly related to an autocrine reduction of VEGF, because there was no deficiency in the myogenesis of the sFlt1-MDSCs.
Discussion
Stem cell therapy has enormous potential for tissue regeneration 33, 34 ; however, methods to harness stem cell potential and overcome obstacles, such as limited differentiation and survival of transplanted cells, are necessary. This study focused on understanding the underlying mechanisms of MS through VEGF blockade to further understand the function of stem cells in tissue repair and regeneration.
Cells are often subjected to MS in their native environment: heart beat, lung inflate, muscle stretch, and cells react to the resultant mechanical load. Mechanical stretch is a powerful stimulus for a broad spectrum of cellular responses, including growth, differentiation, motility, remodeling, and gene expression. 29, 35, 36 Previous studies demonstrated that mechanically stimulated MDSCs expressed more VEGF and were able to repair the infarcted hearts of mice more effectively than nonmechanically stimulated MDSCs, 37 which was attributed, at least in part, to an increase in angiogenesis in the peri-infarct area. 37 In addition, blocking VEGF with sFlt1-MDSCs abrogated the benefits of MDSCs in both skeletal muscle regeneration and cardiac repair. MDSCs, and MS shRNA_VEGF MDSCs, respectively. Scale bar, 0.05 mm. G, CD31 was quantified in the engraftment area, and there was increased CD31 expression after mechanical stimulation of lacZ-MDSCs (n=6; *P<0.05 to all other groups), as well as increased CD31 expression in the NS lacZ-MDSC group compared with the MS and NS sFlt1-MDSC and shRNA_VEGF MDSC groups (&P<0.05). H, CD31 distal to the engraftment area was also quantified, and there was increased CD31 expression in the lacZ-MDSC groups compared with the other groups (n=3; *P<0.05). I, The CD31/dystrophin ratio was quantified, and this was increased in the MS lacZ-MDSC group compared with the NS lacZ-MDSC group and the sFlt1-MDSC group (n=6; *P<0.05) There was also an increased ratio in the NS lacZ-MDSC group compared with the sFlt1-MDSC group (&P<0.05). The CD31/dystrophin ratio was increased in the shRNA_VEGF MDSC group compared with all other groups (#P<0.05). J, Quantification of dystrophin-positive myofiber engraftment. The NS and MS shRNA_ VEGF MDSC transplantation groups had significantly less dystrophin-positive engraftment than all other groups (n=6; *P<0.05 to NS/MS MDSC, NS/MS sFlt1-MDSC). lacZ-MDSC indicates MDSCs were transduced with retroviral vectors encoding the LacZ reporter gene; and sFlt1-MDSC, MDSCs were transduced with retroviral vectors encoding the soluble VEGF receptor Flt1.
Unlike gene therapy where excessive continuous VEGF expression may cause disorganized vascular structures and is consequently detrimental to tissue repair, 22, 23 mechanical loading physiologically preconditions MDSCs and therefore avoids the unwanted side effects seen in MDSCs genetically engineered to express VEGF. These studies demonstrated that MS induced the MDSCs to secrete an appropriate level of VEGF, which greatly enhanced the tissue repair process.
In the current study, we examined the vital role that VEGF plays in MDSC-mediated tissue regeneration by inhibiting both host and donor-derived VEGF by using sFlt1-transduced MDSCs. We also looked at the effect of reducing only the donor-derived VEGF by using shRNA_VEGF-transduced MDSCs that specifically target only the donor cell VEGF mRNA. sFlt1 binds VEGF with the same affinity and specificity as the full-length receptor but does not initiate signaling as it is not cell-associated because of its lack of a tyrosine domain. sFlt1 both sequesters VEGF and heterodimerizes with receptors, blocking VEGF signaling in 2 ways. 15, 38 VEGF is expressed uniformly in adult murine skeletal muscle 39 ; therefore, sFlt most likely reduces the concentration of total VEGF in the extracellular space but does not completely abrogate its effect.
Previous studies have shown a decrease in fibrosis and muscle necrosis with sustained VEGF secretion using gene or cell therapy 40 ; however, when MS-MDSCs were transplanted into an infarcted heart they did not significantly affect fibrosis levels compared with the transplantation of NS-MDSCs. 37 We examined collagen formation in muscles implanted with sFlt1-MDSCs, shRNA_VEGF-MDSCs, or lacZ-MDSCs and found increased fibrosis formation in all the groups where VEGF was blocked. This was independent of MS and seems to be associated with the overall reduction of VEGF levels. In addition, we did not observe a decrease in fibrosis in the mechanically stimulated groups, which was consistent with our previous results in the heart. 37 This could be attributed to the transient and reversible increase in VEGF secretion stimulated via the mechanical preconditioning of cells which may not have been sufficient to affect the longterm remodeling process.
Angiogenesis is a critical aspect of tissue repair, and VEGF is a potent growth factor involved in this process. 9 We observed that when lacZ-MDSCs were mechanically stimulated, their potential to promote angiogenesis increased compared with the nonstimulated lacZ-MDSCs. However, when VEGF secretion was blocked with sFlt1 or shRNA, there was no difference in angiogenesis between the MS and NS groups. This finding suggests that the favorable response to MS is abrogated, regardless of the method used to block VEGF, and that VEGF secretion by the donor MDSCs is a significant factor affecting the increase in angiogenesis observed after MDSC transplantation. Interestingly, more CD31-positive vasculature was observed distal to the site of cell engraftment, possibly as a result of the disruption of local vasculature by the needle at the injection site.
Although VEGF is well known as a mediator of angiogenesis, there is increasing evidence suggesting that it plays an important role in other cellular functions, including skeletal muscle regeneration. For example, intramuscular administration of recombinant adeno-associated virus-VEGF into the mdx mouse was shown to promote skeletal muscle regeneration and enhance muscle function. 40 Also, Deasy et al 21 demonstrated that MDSCs expressing VEGF had greater numbers of centrally nucleated fibers compared with control MDSCs. In the current study, we demonstrated that blocking VEGF resulted in decreased numbers of centrally nucleated fibers. VEGF has also been shown to prevent the death of donor cells; when the hind limb muscles of mice were pretreated with VEGF before myoblast transplantation, it resulted in a reduction of donor cell death and improved cellular engraftment. 16 Furthermore, Arsic et al 17 observed that VEGF promoted the fusion of myogenic cells to form myotubes and protected the cells from undergoing apoptosis. In this study, we observed an effect on the differentiation of transplanted MDSCs when VEGF was decreased with shRNA. There were significantly fewer dystrophin-positive myofibers in the shRNA_VEGF-MDSC transplantation groups compared with the lacZ-MDSC and sFlt1-MDSC groups, indicating that VEGF produced by the transplanted cells is important for their function and capacity to regenerate myofibers in dystrophic muscle. This result is in accordance with previous studies that showed that VEGF-null embryonic stem cells had a reduced capacity to differentiate into skeletal muscle, 41 which indicates that VEGF had an effect on autocrine myogenic differentiation. Furthermore, C2C12 cells transduced with AAV-sFlt1 had a reduction in their in vitro myotube formation capacity compared with controls 41 ; however, in another study, C2C12 cells treated with VEGF or a small molecule to block receptor tyrosine kinase activity showed no difference in myotube differentiation capacity. 11 After VEGF blockade, we examined the myogenic differentiation capacity in vitro and found that shRNA_VEGF-MDSCs formed fewer myotubes than lacZ-MDSCs and sFlt1-MDSCs, which is consistent with our in vivo findings. Taken together, these results indicate a significant role for VEGF signaling in myogenic differentiation and muscle regeneration.
VEGF has been shown to act in an autocrine manner and has a protective/survival effect on many cell types, including endothelial cells, embryonic stem cells, hematopoietic stem cells, and myoblasts. 9, 11, 13, 42 When hematopoietic stem cells were treated with small-molecule inhibitors that blocked internal VEGF receptor signaling, their colony formation was significantly decreased, but treatment with sFlt1 did not have an effect. 13 Autocrine VEGF signaling was also shown to be critical for vascular homeostasis. When VEGF was conditionally knocked out in endothelial cells, there was an increase in endothelial cell death with no reduction in serum VEGF, indicating that paracrine VEGF levels could not compensate for the lack of VEGF within the endothelial cells. 43 The fact that shRNA_VEGF-MDSCs had a reduced capacity for myogenic differentiation but sFlt1-MDSCs had normal differentiation potentials suggests the possibility of an internal autocrine mechanism of VEGF signaling in MDSC differentiation.
Angiogenesis and tissue regeneration require cells to proliferate and migrate. 44 Therefore, to further investigate the effect of blocking VEGF and MS on the fundamental cellular functions of MDSCs, we examined in vitro cell proliferation, migration, motility, and adhesion. Our results indicated that there was no defect in the proliferation of shRNA_VEGF-MDSCs. Previous studies, however, have shown that elevated levels of VEGF increased cellular proliferation. 21 In our study, MS resulted in trends of increased proliferation for each group compared with their nonstimulated counterparts. We observed no change in cellular motility after MS or VEGF blockade. Interestingly, we recorded a decrease in cellular motility after both MS and exposure to oxidative stress when VEGF was blocked, indicating that a combination of stresses on the MDSCs resulted in impaired motility. In addition, it has been reported that blocking VEGF decreased migration of muscle cells. 41 We observed similar results with MDSCs because there was decreased cell migration in the groups in which VEGF was blocked. Cellular adhesion is necessary for many biological and therapeutic processes, such as angiogenesis and cellular therapy. 45 In previous studies, VEGF induced an increase in adhesion between cardiomyocytes and the extracellular membrane 46 and promoted endothelial cell adhesion. 47 In our study, we observed a decrease in the adhesion ability of the MS and NS shRNA_VEGF-MDSCs, which may have contributed to their decreased capacity for differentiation into dystrophin-positive myofibers.
In conclusion, we demonstrated that inhibiting VEGF secretion by MDSCs blocked the beneficial effects imparted by mechanical preconditioning of these cells before cell transplantation, which resulted in a reduction in the cells' differentiation capacity in vitro and in vivo, as well as a reduction in the cells' angiogenic capacity within the transplantation area. This study highlights the importance of donor-derived VEGF in MDSC-mediated muscle regeneration and suggests a potential role of internal autocrine VEGF signaling in MDSC myogenic differentiation. Future studies should involve exploring the mechanisms of these signaling pathways and dissecting out the differences between paracrine and autocrine VEGF signaling by MDSCs.
